A promoter polymorphism in the serotonin transporter gene (5-HTTLPR) has been reported to confer relative risk for phenotypes (depression/anxiety) and endophenotypes (amygdala reactivity). In this report, we identify and characterize three rare 5-HTTLPR alleles not previously described in the human literature. The three novel alleles were identified while genotyping 5-HTTLPR in a family-based attention deficit hyperactivity disorder clinical population. Two of the novel alleles are longer than the common 16-repeat long (L) allele (17 and 18 repeats) and the third is significantly smaller than the 14-repeat short (S) allele (11 repeats). The sequence and genetic architecture of each novel allele is described in detail. We report a significant decrease in the expression between the XL 17 (17r) allele and the L A (16r) allele. The XS 11 (11r) allele showed similar expression with the S (14r) allele. A 1.8-fold increase in expression was observed with the L A (16r) allele compared with the L G (16r) allele, which replicates results from earlier 5-HTTLPR expression experiments. In addition, transcription factor binding site (TFBS) analysis was performed using MatInspector (Genomatix) that showed the presence or absence of different putative TFBSs between the novel alleles and the common L (16r) and S (14r) alleles. The identification of rare variants and elucidation of their functional impact could potentially lead to understanding the contribution that the rare variant may have on the inheritance/susceptibility of multifactorial common diseases.
Introduction
Serotonin (5-hydroxytryptamine or 5-HT) is a monoamine neurotransmitter synthesized and released by serotonergic neurons in the raphe nuclei of the central nervous system. Serotonin repeatedly has a critical role in the regulation of mood, sleep, anger and eating behavior. 1 In rhesus macaque models, high risk aggression was modulated between an interaction of the SERT (serotonin transporter) short allele and early adversity. 2 In addition, rhesus macaque models have also shown that brain morphology varies more by SERT variation than does in vivo SERT or serotonin concentration. 3 Thus, SERT gene alleles have been reported to be involved in phenotypes, endophenotypes and anatomical structure. Serotonin balance at the synaptic cleft is modulated by the serotonin transporter encoded by the serotonin transporter gene commonly known as HTT, SLC6A4 or SERT (herein referred to as SERT). SERT captures free serotonin in the synapse and transports it back into the nerve terminal to be recycled into new synaptic vesicles. It powerfully influences serotonin function and thus is a major therapeutic target of selective serotonin reuptake inhibitors in numerous psychiatric disorders. Selective serotonin reuptake inhibitors block the reuptake of serotonin by binding to SERT, increasing the concentration of serotonin in the synaptic cleft. Additionally, these inhibitors can potentially deplete the amount of serotonin that can be recycled back into the nerve terminal. Thus, the SERT gene is a logical candidate gene for association studies involving most, if not all, behavioral disorders.
The serotonin-transporter-linked polymorphic region (5-HTTLPR) is a functional polymorphism present in the promoter region of the serotonin transporter gene and has received intense scrutiny with > 300 studies being carried out on its role in a diverse range of psychiatric disorders and phenotypes. 4 The 5-HTTLPR is a variable number tandem repeat consisting of varying 20-23 bp imperfect repeat sequences. Among Caucasians, the frequency of the 14-repeat S allele is 0.383 and the frequency of the 16-repeat L allele is 0.617. 5 However, substantial interpopulation frequency variation exists. Although the common alleles for 5-HTTLPR (S and L) are extensively studied, much less is known regarding the rare variants of this polymorphism.
The three novel 5-HTTLPR alleles identified in this study are a new discovery and are unique according to the literature. Rare variants of 5-HTTLPR have been documented and alleles containing 13, 15, 18, 19 and even X20 repeats have been detected. [6] [7] [8] [9] [10] [11] The XL alleles ( > 16 repeats) seem to be uniquely specific to individuals of African or African-American origin, with data showing as much as a 6.2% XL allele frequency in a Central African population and 2.1% XL allele frequency in an African-American population. 10 Interestingly, an XL allele of 18 repeats was identified in a Libyan and Tunisian Jewish population, with an allele frequency of 2% in the Libyan population and 0.5% in the Tunisian population.
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After a thorough review of the literature, we were able to find only one reported instance of a 5-HTTLPR allele with less repeats than the common 14r S allele. 9 This XS allele contained 13 repeat units and was identified in a schizophrenic patient of Jewish Libyan origin. The patient was reported to be very aggressive and committed suicide after several attempts. The functional mechanism that these alleles contribute to disease has also been extensively studied.
Functionally, the S (14r) allele variant reduces the transcriptional efficiency of the promoter, leading to reduced expression and decreased 5-HT uptake in cell lines when compared with the L (16r) allele. 12 For a number of years in common allele genetics research, the 5-HTTLPR was considered functionally biallelic (for example, either L or S), although other subtle genetic variations were known. However, more recent studies have shown the 5-HTTLPR to be triallelic (S, L A and L G ). 5 The characterization of an A > G single-nucleotide polymorphism (rs25531) within the L allele of 5-HTTLPR creates a functional activator protein-2 (AP2) transcription factor binding site (TFBS) and subsequently attenuates mRNA expression, which has led to the consideration for this loci to be triallelic (S, L A and L G ). 5, 13 Transcriptional efficiencies have been measured for each of these three alleles using cell lines and reporter assays. 5 More recently, the density of 5-HTT in the putamen was measured using 3-(11) C-amino-4-(2-dimethylaminomethylphenyl-sulfanyl) benzonitrile ([ 11 C]DASB) positron emission tomography for each of the three 5-HTTLPR genotypes. 14 The results of these studies indicate nearly equivalent expression for the S and L G alleles and an increase in transcriptional efficiency and elevated 5-HTT density in the putamen for the L A allele compared with the S and L G alleles. This has led many to conclude that the SERT triallelic system is functionally biallelic (S/L G and L A ). Indeed, since the original report by Caspi et al. 15 Recently, we described a novel cost-effective method of extracting human genomic DNA from frozen spit wads, and used PCR of 5-HTTLPR as one measure of genomic DNA quality. 28 In addition, the 5-HTTLPR genotype data will also be used to study associations using a wide variety of phenotype data from a family study population. During this experiment, we identified three novel (5-HTTLPR) alleles that have not been previously reported in the literature and we sought to examine the functional activity of these alleles in a neuronal-derived cell line. Two of the novel alleles are longer than the common 16-repeat long L allele and we have designated these alleles as XL 17 and XL 18 , each containing 17 and 18 repeats, respectively. In addition, we have identified an extra short 5-HTTLPR allele containing only 11 repeats (XS 11 ). After a thorough review of the literature, we have found only one report describing an extra short allele (13 repeats) that is smaller than the common 14-repeat S allele. 9 
Subjects and methods

Subjects
The Vermont Family Study 28 comprised 817 individuals (449 children) in 205 families. Buccal swabs were taken from each of the study participants and then stored at -20 1C for a period of 11 years. The probands in the study were required to have problems with attention and/or aggression along with a sibling who could be either affected or unaffected. The sample comprised 40% girls and the mean age was 10.94 years with an age range of 5-18 years. All participants completed a Vermont Standard Diagnostic Interview 29, 30 that provides DSM (Diagnostic and Statistical Manual of Mental Disorders) diagnostic information on each individual. In addition, all children were rated on the Child Behavior Checklist (CBCL) 31 by their respective mother and father if available. All parents rated their own behavior on the Young Adult Self Report. 32 Additional phenotypic data on all sample participants were generated using the Alabama Parenting Questionnaire, 33 the Temperament and Character Inventory, 34 the Responses to Stress Questionnaire, 35 the Family Assessment Device, 36 the Wechsler Intelligence Scale for Children 37 and the Wide Range Achievement Test. 38 In addition, DNA was collected from each individual using a spit wad and was stored at À20 1C.
Sample collection
Participants were asked to refrain from eating or drinking 1 h before saliva collection. Each individual was instructed to place a standard 2 00 Â 2 00 piece of cotton gauze (spit wad) in the buccal region of their cheek for 3 min. The saliva-saturated cotton spit wad was removed, rolled to fit into a collection tube and stored at À20 1C until the genomic DNA was extracted.
DNA extraction DNA was extracted from spit wads as described previously using column purification with the QIAamp DNA Blood Midi Kit following the largevolume protocol (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions, with a few modifications. 28 DNA concentration and purity were determined using ultraviolet-visible spectrophotometry (Nanodrop, Wilmington, DE, USA). All genomic DNA was either diluted or concentrated to a final concentration of 50 ng ml -1 . DNA was diluted in a reduced EDTA buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0) and concentrated using Microcon YM-100 centrifugal filter devices (Millipore, Billerica, MA, USA) according to the manufacturer's instructions.
5-HTTLPR genotyping
The 5-HTTLPR variable number tandem repeat was genotyped using standard PCR. Primer sequences were previously described: forward primer (5 0 -ATGC CAGCACCTAACCCCTAATGT-3 0 ) and the reverse primer (5 0 -GGACCGCAAGGTGGGCGGGA-3 0 ). 39 This primer pair amplified a 419-bp product for the 16-repeat long L allele and a 375-bp product for the 14-repeat short S allele. PCR reactions were performed using a PCR Master Mix (Promega, Madison, WI, USA) containing a final concentration of 1. 
Sequencing
The PCR reaction to amplify the 5-HTTLPR alleles for sequencing and construction of reporter constructs contained primers different than those used for the genotyping experiment. These primers amplified a larger core region of 5-HTTLPR in order to make a more reliable determination of promoter function. The primer sequences were described previously: forward primer 5 0 -GGCGTTGCCGCTCTGAATGC-3 0 and reverse primer 5 0 -GAGGGACTGAGCTGGACA ACCAC-3 0 . 5 The PCR products of the six 5-HTTLPR alleles (S, L G , L A , XS 11 , XL 17 and XL 18 ) were subcloned into the TOPO TA cloning vector pCR2.1-TOPO (Invitrogen Corporations, Carlsbad, CA, USA) and transformed into One Shot TOP10 competent Escherichia coli cells according to the manufacturer's instructions. In the case of individuals heterozygous for 5-HTTLPR, resulting transformants were screened for the presence of the correct insert using the restriction enzyme EcoR I. The 5-HTTLPR alleles were subsequently sequenced in both directions using the M13 forward and M13 reverse primers specific to the pCR2.1-TOPO vector using BigDye Terminator v3.1 Cycle Sequencing Kit according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA).
Luciferase reporter constructs, transfection and expression assays
The sequenced verified constructs in the pCR2.1-TOPO vector (S, L G , L A , XS 11 , XL 17 and XL 18 alleles) were subcloned into the luciferase reporter vector pGL4. 10 [luc2] (Promega) using standard molecular techniques. Additionally, each allele was cloned into pGL4. 10 [luc2] in the reverse orientation to control for transcriptional effects that were the result of consensus promoter sequences. The 5-HTTLPR-luciferase plasmids (5HTTLPR pGL4.10) were transfected into RN46A cells, derived from embryonic day 13 rat medullary raphe neurons. 40 The RN46A raphe-derived neuronal cell line was graciously provided by Scott R Whittemore (University of Louisville School of Medicine). The co-transfection with the 5-HTTLPRpGL4.10 constructs (firefly luciferase) and the pRL-SV40 vector (Renilla luciferase) to the RN46A raphederived cell line using Lipofectamine 2000 (Invitrogen) was described previously. 5 Expression was measured using the Dual-Luciferase Reporter Assay System (Promega) 24 h after transfection with passive lysis buffer. Relative light units for both the firefly and Renilla luciferases were measured using a 20/20 n Luminometer (Turner Biosystems, Sunnyvale, CA, USA) and the ratio between the firefly to Renilla relative light units in each sample was determined. The values were all normalized to the S allele.
Putative transcription factor binding site (TFBS) analysis TFBSs specific to 5-HTTLPR were analyzed using MatInspector (Genomatix, Munich, Germany) with MatBase matrix library 8.0. MatInspector can be used online at http://www.genomatix.de/en/index.html and details regarding the weight matrices used to identify potential TFBSs have been described previously. 41 The entire sequence of 5-HTTLPR (Figure 1a) was included in the analysis for each allele. This included additional promoter sequence than that used for 5-HTTLPR genotyping. 17 , XL 18 and XS 11 5-HTTLPR alleles Three novel alleles were identified while genotyping the Vermont Family Study for 5-HTTLPR. Initially, size discrepancies from the common 375-bp S and the 419-bp L alleles were observed on 2% agarose gels.
Results
Identification of XL
Each unique 5-HTTLPR allele was sequenced to determine the genetic architecture of the variable number tandem repeat. Sequencing results confirmed the presence of 17 and 18 repeats for the XL 17 and XL 18 alleles, respectively. Interestingly, the XS 11 allele contained 11 repeats after sequence analysis. Using the organization and Greek-letter nomenclature of the 5-HTTLPR repeats described by Hu et al., 5 the genetic architecture for each novel allele is detailed in Figure 1 . The XL 17 allele contains a tandem duplication of a single k-repeat, resulting in a total of 17 repeats for 5-HTTLPR. The XL 18 allele contains two additional repeats compared with the L allele with two tandem duplications of the s-repeat for a total of 18 repeats. The XS 11 allele, when compared with the L allele, contains five deleted repeat units consisting of the b, g, d, e and z repeats. This results in a total of 11 repeats for the XS 11 novel allele. The XS 11 and the XL 18 alleles both show identity by descent (IBD) as evident by pedigree analysis, ruling out de novo rearrangements and mosaicism (Figures 2a and b) . The XL 17 novel allele was identified in an only child, and with genotype data from only the father in this pedigree, we cannot rule out somatic mosaicism or that a de novo rearrangement occurred (Figure 2c) . A careful review of the CBCL database, clinical charts and research forms filled out by participants revealed that all three pedigrees from which the novel alleles were identified described their ethnicity as 'White/ Non-Latino'.
Interestingly, sequence analysis revealed that both the XL 17 and XL 18 alleles contain the A singlenucleotide polymorphism at rs25531, resulting in XL A17 and XL A18 alleles if using the triallelic nomenclature.
Functional characterization of each 5-HTTLPR allele in transfected cells
The effect of three previously studied 5-HTTLPR alleles (S, L G and L A ) and the three novel 5-HTTLPR alleles (XS 11 , XL 17 and XL 18 ) on basal transcription was determined by measuring firefly luciferase 24 h after transfection (Figure 3) . The results showed no significant difference in expression between the XS 11 , S and L G alleles. A statistically significant (P < 0.05) 1.8-fold increase in L A allele expression was observed when compared with the S allele. Interestingly, there was a slight decrease of expression with the XL 17 allele in comparison with the L A that is statistically significant (P < 0.05). In addition, no significant difference in transcriptional efficiency was observed with the XL 18 allele when compared with both XL 17 and L A alleles. The production of firefly luciferase was shown to be promoter dependent by cloning each allele into the vector in the reverse (3 0 orientation)
Deleted in (XS 11 ) Figure 1 (a) Sequence of serotonin-transporter-linked polymorphic region (5-HTTLPR) repeats. Each repeat has been assigned a Greek letter following the nomenclature of Hu et al. 5 The PCR primer sequences used for genotyping can be seen underlined. The entire sequence shown in (a) was used to create the pGL4. 10 that ultimately abolished reporter activity (gray bars, Figure 3 ).
Putative TFBSs to novel 5-HTTLPR alleles
Each 5-HTTLPR sequence was analyzed for putative TFBSs using MatInspector software. TFBSs were selected based on the matrix similarity score that takes into account all the bases over the whole matrix length and not just the core sequences. The matrix similarity score and the MatInspector software have been previously described in detail. 41 The XL 17 and XL 18 novel allele sequences were compared against the L A allele for TFBS differences. TFBSs created as a result of the additional k-repeat in the XL 17 
Discussion
The 5-HTTLPR promoter polymorphism is one of the most extensively studied gene variants in human and primate behavior. In this report, we identify and describe the sequence and genetic architecture of three novel 5-HTTLPR alleles not previously described in the literature. The XL 17 , XL 18 and XS 11 alleles were identified while genotyping an attention deficit hyperactivity disorder sample population for 5-HTTLPR. Although the frequency of these alleles is not significant in our sample (each novel allele was shown to be in only one family), genotyping results demonstrated identity by descent (IBD). In addition, both of the XL novel alleles were identified in pedigrees that described their ethnicity as 'White/ Non-Latino'. The vast majority of the rare XL variants are described in individuals of African or AfricanAmerican descent. As a result, the characterization and functional transcriptional effects of each rare and novel promoter polymorphism may provide clues to the complex diversity of this functional gene variant. Under the rare-variant hypothesis, 42 if the functional Figure 3 Reporter transcription effects of serotonin-transporter-linked polymorphic region (5-HTTLPR) alleles. 5-HTTLPR plasmids (pGL4.10), with firefly luciferase as a reporter, were co-transfected to RN46A cells with the Renilla luciferase control plasmid (pRL-SV40). Basal transcription was measured in triplicate 24 h after transfection and the relative luciferase level was computed using the ratio of firefly luciferase to Renilla luciferase. Relative luciferase was normalized to the S allele. No statistical difference was observed in expression between the S, L G and XS 11 alleles. A statistically significant difference in expression was noted between the L G and L A alleles and also the XL 17 and L A alleles (P < 0.05). However, no significant difference was noted in the expression between the L A and XL 18 alleles. The gray shaded bars show the effect on transcription when the 5-HTTLPR alleles are cloned into the reporter constructs in the reverse orientation. 17 novel allele was identified in the only child of the pedigree, and from genotype data from only the father in this pedigree, we cannot rule out somatic mosaicism or that a de novo rearrangement occurred. effects of the rare variant are elucidated, understanding the multifactorial susceptibility to common diseases may ultimately be possible. 43 In 2006, Hu et al. 5 described the 5-HTTLPR as a functionally triallelic polymorphism and provided evidence linking the gain-of-function genotypes with obsessive compulsive disorder. We also see a significant difference in the expression between the L A and L G alleles from individuals derived from our sample population that only strengthens this assertion. Unpublished data from our group have also shown that the three frequent 5-HTTLPR alleles (S, L A and L G ) act as three separate alleles when performing association tests using the internalizing broadband scale (INT) of the CBCL (JJ Hudziak, personal communication) as a phenotype. Although the S and L G have no significant difference in transcriptional efficiency in vitro, they appear to act as separate alleles with respect to the phenotype, internalizing psychopathology.
Interestingly, sequence analysis revealed that both the XL 17 and XL 18 alleles contain the A singlenucleotide polymorphism at rs25531, resulting in XL A17 and XL A18 alleles if using the triallelic nomenclature. Hu et al. 5 showed that the AP2 transcription factor had an instrumental role in controlling expression within the L A and L G alleles (the G allele introduces an additional AP2 TFBS). However, the XL 17 and XL 18 novel alleles described in this report have only one AP2 TFBS as a result (Figure 1a) . The zrepeat is deleted in the XS 11 allele, also leaving it with only one AP2 TFBS, which is very similar to the (S) allele. As promoter length and transcription factors have a very important role in gene expression, we sought to characterize the functional strength of each allele using luciferase reporter constructs transfected into a rat RN46A raphe-derived neuronal cell line.
The cell transfections revealed a significant decrease in expression (1.8-fold) in the L G allele when compared with the L A allele. Hu et al., 5 using sequence analysis and elegant gel shift assays, showed AP2 to be a contributing factor for this difference. We were able to replicate this result, although not to the same effect (1.8-fold vs 2.8-fold), in this study, providing additional evidence that the differences in alleles are more than structural.
The XL 17 showed a significant decrease in expression when compared with the L A allele, which is interesting, as these two alleles only differ by an additional k-repeat in the XL 17 allele. MatInspector was used to identify unique TFBSs between the sequences of these two alleles. The L A allele sequence produced 149 TFBS matches, whereas the XL 17 allele sequence produced 160 matches. The increase in promoter length or differential binding of transcription factors most likely produced this attenuation in expression for the XL 17 allele. Interestingly, we do not see this effect with the XL 18 allele. With its additional two tandem s-repeats, there was no significant difference in expression compared with the L A allele (XL 18 = L A aXL 17 ). With the increase in promoter length and the additional 24 TFBSs specific to the XL 18 allele, we did expect to see an increase in expression. As no difference was observed, it adds to the complexity of the role that this polymorphism has in controlling mRNA transcription.
The drastic difference in genetic architecture and repeat length for the XS 11 novel allele compared with the (S) allele did not significantly change reporter expression between these two alleles in RN46A cells either (XS 11 = S). A total of two additional TFBSs were created and 18 TFBSs were deleted when comparing these alleles using MatInspector.
It was our goal to identify the transcription factor(s) responsible for any significant difference in expression observed between the 5-HTTLPR alleles. Our first approach was to utilize bioinformatics to determine if the total number of TFBSs correlated with expression. As there is no direct correlation between the number of TFBSs and expression of the reporter gene, transcription factors were not tested explicitly for binding. A list of putative TFBSs introduced or deleted as a result of novel sequence differences between each of the novel alleles compared with the common alleles is available upon request.
In summary, our findings and functional characterization of the rare variants identified in the SERT system may be useful to scientists utilizing the 'Common Disease Rare Variant (CDRV)' hypothesis 44 to elucidate susceptibility to multifactorial common diseases. Using this hypothesis that multiple rare sequence variations with high penetrance have important roles in the susceptibility to complex diseases, researchers may use the findings in this study to determine the role that SERT has in emotional-behavioral disorders. Today, non-human primate research together with human research give clues that the different allele systems (rare or common alleles) may be best thought of as affecting cognitive choice, broad phenotypes such as social intrusiveness (non-human primate), 2 anxiety (human), 45 aggression (non-human primate) 46 and obsessive traits (humans), 5 and that each of these behaviors vary by both allele structure and possibly experience (some geneenvironment interaction (GxE)).
A recent meta analysis failed to find an interaction effect between S and L and depression. 47 Given our findings, combined with those of others, it may be of use to study SERT as a X4-allele system in relation to multiple phenotypes and endophenotypes rather than categorical diagnoses such as depression.
Our group is currently engaged in genome-wide association study, copy number variation and fingerprinting studies to achieve this objective. Others will doubtlessly engage in exome sequencing 48 to identify coding variants of SERT, exclude common variants and help us identify additional rare variants and understand the role of SERT as a candidate gene.
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